JEurepateches Patsntamt 
European Patent Office 
Office europ6en des brayeis @ Veififfonflichungsnummer : 0 555 988 A2 

@ europAische patentanmeldung 



@ Anmeldenufniner: d3300798.1 
@ Anmeldetag : 03.02.93 



@tnta^A61N 1/365 



@ Prioiitat : 10.02.92 US 833435 

@ VerSffentJtchungstag der Anmeldung : 
18.0&93 PatentUatt 93/33 

@ Banannta VerlFagsstaatan : 
DE FR 6B IT HL 8E 

® Anmelder: TELECTRONICS N.V. 
De Ruyterkade 58A P.O. Box 837 
WUIenwtad Cuiaoao (AN) 



@ Erfinder : Stelnhaus. Bruce M. 
12711 Woodland TraH 
Parker, Colorado 80134 (US) 
Erfinder : Napphoh, Tibor A. 
8524 East Jamison Avenue 
Englewood, Colorado 80112 (US) 
Erfinder : Nolan. James A. 
28805 Kennedy Gulch Road 
Conifer, Colorado 80433 (US) 
Erfinder : Morris, Robert A. 
598 B Paso Road 
Palmer Uko, Colorado 80133 (US) 

@ Vertreter : Hackett, Sean James 

Marks & Clajli 57^0 Lincoln's Inn Fields 
London WC2A 3LS (6B) 



® 



Durch einpollgo Messung der vom Ubuitenvolumen abhSnglflen 
HenBSdirHtmacher. 



Impedanz gesteoarter 



CO 
00 

o> 

in 
in 
m 



Q. 

Ul 



) A rats-responsive pacemaker (5) employing a 
rate control parameter of respiratoiy minute 
volume, derived over a unipolar lead (11). The 
pacemaker (5) performs the minute volun^e 
measurement by periodically applying a 
measuring current t)etween the lead and a refer- 
ence point on the pacennker case (30). This 
measuring current has frequency components 
tn a range from approximately 10 kflohertz to 
1000 ntegahertz. plication of this measuring 
current allows the pacemaker to detect the 
voltage which arises firom the appCed current 
and, from the detected voltage, to measure the 
patient's spatial impedance. Spatial impadance 
and nrtlnute volume vaiy as a functbn of the 
patient's ptoural pressure. TTie pacemaker (5) 
derives ntinute volume and rate-responsive pac- 
ing rate from the spatial impedance measure- 
rmnt 
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Technical Field 

This invention relates to rate-responsfve paoe> 
makera, and niore particularly to such pacemakers in 
which the rate oontiDl parameter is mhttita volume. 

Description cf the prior art 

United States Patent No. 4.702.253. entided 
"Metalx)lk>Demand Pacemaker and Method of Using 
the Same to Determine Minute Volume", which issued 
October 27, 1987, in the names of Napphciz et al.. 
discloses a rate-responstve pacemaker which env 
ptoys minute volume as a rata control parameter. Min- 
ute volume is a measure of the amountof air inspired 
by a person as a (iinction of time. The greater the 
amount of air inspired, the greater the need for a high- 
er heart pacing rate. The pacemaker of the aforesaid 
patent (hereinafter called the " *253 pacemaker^ 
measures minute volume tiy providing a three- 
electrode lead which employs one dectrode to sense 
heart signals and pace the patient's heart In the con* 
ventional manner and which employs the remaining 
two electrodes to perform the minute volume meas- 
uiemenL 

A three-electrode lead is not a standard lead as 
is known in the art of cardiac pacing. The two elec- 
trodes for n^easuring minute volume are located in a 
idood vessel In the vicinity of the patient's pleural cav- 
ity. The '253 pacemaker p^odlcaOy applies current 
pulses between one of the electrodes and the pace- 
maker case, and measures the voltage which results 
from the applied current between the other electrode 
and the pacemaker case. The measured voltage is a 
functbn of the blood impedance in the vessel which, 
in turn, is dependent upon the pleural pressure. 
The '253 pacemaker determines the minute volume 
by monitoring the modtilatton in the impedance meas- 
urement 

One problem with the '253 pacemaker is that it 
requkes a nonstandard lead, a lead havoig at least 
three electrodes. Unipolar (single electrode) and bi- 
polar (dual electrode) leads are standard in the art of 
cardiac pacing. There are many patients with implant- 
ed unipolar and bipolar leads, and if a threo^eclroda 
lead is required for a new pacentaker, then a prior art 
non-fate-responsive pacemaker cannot be replaced 
by a rate-responsive pacemaker simply by exchang- 
ing pacemakers and using the same lead Further- 
more, there are physicians who IBce the feel of the 
leads th^ have been using in the past, and one factor 
which weighs against implanting a rate-responsive 
pacemaker might be that it requires a lead with a new 
feel. 

United States Patent No. 4.901,725, entitled 
"Minute Volume Rate-Respcnslve Pacemaker, which 
issued February 20, 1990, in the names of Nappholz 
et al., discloses an improved minute volume-control- 



led rate^BSponsive pacemaketttiereinafter called 
the " 725 pacemaker*) which can be used with a con- 
ventional bipdar lead. Such a bipolar lead has two 
electrodes for sensing and pacing the heart In 
6 the 725 paceniaker a ring electrode is used addSwn- 
aily to apply a current which flows to the pacemaker 
case. A tip electrode is used to measure the blood tn>- 
pedance between the tip and the case in response to 
the current pulse applied through the ring electrode. 

10 The 725 pacemaker utilizes the measured blood trrv 
pedance to derive an appropriate pacing rate. 

Although the 725 pacemaker uses bipolar leads 
which are standard in cardiac padng, it has a QmSa- 
tton in that this pacemaker cannot be used In the 

15 many patients who have had previously implantad 
unipolar leads. Unipolar leads, which have a single tip 
electrode, are also standard in the art of cardiac pac- 
ing. If a bipolar lead is required when a patient has a 
new pacemaker Implanted, then a non-rate-respon- 

20 sive pacemaker that is connected to a unipolar lead 
cannot be replaced by a 725 rate-responsive pace- 
maker simply exchanging pacemakers and using 
the same lead. 

Previous attempts have been made to perform 

25 minute volume rate-responsive pacing In a pacenr\ak- 
er using unipolar leads. These attempts failed, primar- 
9y because the blood impedance signal measured 
from unipolar leads was too weak in comparison to 
system noise and other unwanted signals present A 

30 primary source of noise, which obscures impedance 
s^nals from a unipolar lead, is the electrolytic effect 
at the interface between the metal electrode and 
body fluid electrolytes. The pacemaker generates a 
net charge at the electrode for pacing the heart and, 

3$ in the rate-responsive pacemaker of the *253 
and 725 pacemakers as well as in the pacemaker of 
the present Invention, for measuring bkx>d impe- 
dance. This net charge within the metal is positive at 
the anode and negative at the cathode of the tip and 

40 ring electrodes. An opposing charge dlstrtbutton de- 
velops in the electrolyte due to the charge distribution 
within the electrodes. This opposing charge Is held 
finom the metal surface by the forces of reduction and 
oxidation chemical raactlons. which occur whenever 

45 a metal is placed In an electrolytic solution. The 
charge separation distance Is approximately the 
thtekness of a motecidar layer of water. 

The charged layers at the etectrodo-eleetrolytB 
onterface oonsHtuta a charged capacitance in which 

60 the charges are heU together by electrostatic forces. 
The magnitude of the capacitance depends inversely 
on the separation of the charged surfaces. This sep- 
aratbn is very srvtall, on the order of the dimenaton of 
molecular water. Therefore, the capacitance re- 

55 markabiy large, in the range of 1 to 20 ^F/cm2. The 
presence of a large capacitance at the tip electrode 
causes a large DC impedance. This electrolytic phe- 
nomenon creates a large, skiwly decaying polariza- 
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Uon potential at the tip eJectrode. When a pacemaker 
generates a conductive current through the Up. either 
for pacing the heart or measuring blood impedance, 
most of the sensed impedance changes are local ef- 
fects of the eiectrode-eiectroJyte interface. This elec- 5 
trotytic phenomenon occurs in all types of leads, bi- 
polar as well as unipolar. 

It will be cecatted that the 725 pacemaker gener- 
ates a measuring current between the ring electrode 
and the case but measures the Uood impedance from io 
a separate electrode, the tip electrode, which Is locat- 
ed generally outside the vicinity of electrolyte polari- 
zation. In the case of a pacemaker which uses a uni- 
polar electrode, on the other hand, the measuring 
electrode and the current generating electrode are is 
one and the same, and the measuring electrode is lo- 
cated precisely at the point of electrolyte polarization. 
Furthermore, the electrode tip has a very small sur- 
face area, over which the current Is concentrated, 
leading to very large impedance changes where the 20 
electrede meets the electrolytes. Therefore, instead 
of measuring blood impedance as intended, a unipo- 
lar electrode constrains the pacemalcer to predomi- 
nantly detect the electrode-eleotrolyte polarization ef- 
fects. 2S 

Three discoveries have led to improvements In an 
impedance-measuring pacemaker, providing a solu- 
tion to the problem of the electrode-electrolyte polar- 
ization effect which hindered the measurement of 
btood impedance in prior art pacemakers. By solving 30 
this problem, the pacemaker of the present invention 
performs rate-responsive cardiac pacing based on 
the measurement of minute ventHatton In a system 
which employs a unlpdar lead. 

A first discovery employed by the pacemaker of 3S 
the present Invention is that, by elevating the frequen- 
cy content of the measuring electrical current much 
higher than the frequency employed in prior art impe- 
dance measuring devices^ the nature of the measur- 
ing current changes from a conduction current topn- 40 
dominanUy a displacement current At high frequen- 
cies a pacemaker lead can be viewed as a ledky con- 
ductor, or s^nal radiator. At higher measuring fre- 
quencies, more of the signal leaks from the lead 
throughout its length. The lead w9l measure the spa- 45 
tial impedance of the medium surrounding the lead. 
This Is different from the nneasurement of "blood im- 
pedance*, by noeans of interrogation using oonduc- 
tton currant as was performed in the '253 and '725 
pacemakers. The pacemaker of the present invention so 
perfornrts the measurement through the length of the 
lead, not at the tip electrode. The tip electrode is sepa- 
rated from the input to the lead by the resistance, in- 
ductance and distributed capacitance of the lead. At 
higher measuring frequencies, these components of 55 
the lead impedance cause the f tow of current along 
the lead to induce dispiacenr)ent currents In the tis- 
sue. Once the signal leaves the electrode tip. the cur- 



rent becomes a conduction current, creating the ionic 
conditions which make up the electrode-electrolyte 
polarization effect The higher n^easuring current fre- 
quencies of the present tnventk)n greatly reduce the 
electrode-electrolyte potartzation effect 

The aforementtoned characteristics of the eJeo* 
trotytic phenomenon, in which a large capacitance at 
the tip electrode causes a large DC Impedance, wQI 
be recalled. For hlgherfirequency currents, such as al- 
ternating currents or current pulses, this capadtive 
impedance becomes much less than the resistance 
of the electrodes and tiectrolytic adutkms within the 
blood and body fluMs, reducing unwanted effects 
from the electrode-electrolyta interface. The applied 
measuring current nuy be in the fbrm of htghfkequen- 
cy continuous wave current, short duration current 
pulses, or timed pulses of continuous wave current 
The effect of the higher frequency measuring current 
is to change the character of the applied measuring 
current from a conductive current to a displacement 
current Pacemakers of the prior art measured impe- 
dance by detecting changes in voltage in response to 
a current of a tower frequency or a longer pulse wklth 
than the pacemaker of the present invention, in which 
case the current ftowed in a conducfave manner 
through the blood and the electrode and polarization 
noise problems arose. 

The pacemaker of the present Inventton employs 
high frequency measuring current which creates a 
displacement current within the body, with tittle net 
current injected into the body. The pacemaker cre- 
ates this displacement current by generating an elec- 
trical current which flows within the conductor of the 
lead. This conductor is separated from the patient's 
body end its electrolytes by a layer of electrical insu- 
lation at the outside surface of the lead. The current 
within the lead generates an electrical field which cre- 
ates the displacement current in the body. 

Upon the generatksn of this coupled ionic f ieU. a 
displacement current vises In the body which allows 
the pacemaker to detect impedance changes in the 
body remote from the locatton In which electrode- 
elecbolyte artifacts arisa In this manner the pace- 
maker of the present inventbn reduces the impe- 
dance effects of the tip electrode. The high frequency 
measuring current racfiates more energy into the body 
aking the lead and less to the tip. to reduce local ar- 
tifact effects and inject less current into the heart The 
reduction of local artifact effects greatly bnproves the 
signal quality of the measurement This improvement 
in signal quality provUes for a more accurate and re- 
I^Me impedance measurentent and a more effective 
derivatton of pac&^g rate in response to metabolic 
needs. 

Although the main benefit of generating a high 
frequency measuring current Is to aDow sensing of Inv 
pedance by reducing interface polarization effects, 
the generation of a measuring current in this manner 
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provides for other Important advantages. Because 
the pacemaker measures a displacement current 
rather than a conductive current, for the purpose of 
measuring Impedance the pacemaker case may t>e 
compfetety insulated. It Is desirat)la to Insulate a pa- 
cemaker case, at least partially, to prevent the pace- 
maker from stimulating skeletal musdes upon pulse 
generation, causing 'nruisde tics* which are irritating 
to the patient The 725 pacenraker required that a 
large portton of the pacemaker case remain free of In- 
sulation so that current could flow In a conductive 
manner between the ring electrode and the case to 
allow measuren)ent of blood impedance. However, 
unipolar pacing pulse generation requires a tiny patch 
of the pacemaker case to remain without insulatton. 
The abiltty to reduce the size of the conductive patch 
on the pacemaker case is extrentely advantageous 
for preventing skeletal musde stimulation, caused by 
the generation of either pacing pulses or measuring 
current 

Impedance measuring devices which are known 
in the prior art, Indudtng the '253 and '725 pacenoak- 
ers. perform measuring interrogation using current 
pulses of longer duration than the pulses of the pres- 
ent inventton. A pacemaker which generates short 
duration current pulses has the advantage of requb* 
ing a lower energy expenditure to perform the impe- 
dance nr^asurement Atower energy expenditure pro- 
vides for a longer pacenroker lifetime. 

Another advantage of pe r fo rmi ng impedance 
measurements using short duratton current pulses or 
timed pulses of continuous wave currents is that less 
energy is injected into the heart This results In a less- 
er danger of stimulating the heart with the measuring 
current Furthermore, the longer duration current 
pulses of prior art impedance measuring devices of- 
ten create artifacts v^rch obscure electrocardiogram 
(ECG) or Intracardiac electrogram QECG) signals 
whwh are sensed either by the impedance measuring 
device or a separate signal monitoring devic& 

A second discovery leading to the implementa- 
Uon of the pacemaker of the present invention is the 
finding that by selecting different values of measur- 
ing current firequancy or pulse width, the pacemaker 
can "tune" the Impedance sensor to measure a par- 
ticular type of signal and reject unwanted signals and 
other noise. Rather than measuring the Impedance 
essentially between the tip electrode and the case as 
was done in prior art devices, the pacemaker of the 
present inventk>n measures the impedance between 
the input of the lead to the pacemaker and the pace- 
maker case. The pacemaker senses body impedance 
along the entire length of the lead. The impedance at 
the lead Input is the impedance due to ntultiple reflec- 
tions of the signal along the lead due to the properties 
of the lead and the medium surrounding it At h^h 
measuring frequencies, a larger portion of the signal 
leaks from the lead dose to the case. At lower meas- 



uring frequencies, more of the signal vtHl leak from tite 
lead further along the lead. Some of the sensed sig- 
nals may be physiologica], othare may arise from in- 
trinsic sources. For example, at a particular range of 
9 measuring current frequendes, respffation signals 
pred(»nlnate. At another range of frequencies, cardi- 
ac stroke vdume signals wiU dominate. At still another 
renge of frequendes, noise caused by motion may be 
the primary signal. The pacemaker of the present in- 
to vention employs a measuring current frequency 
which best selects respiration signals. The measuring 
current indudes higher frequenpy components to 
avoid interface electrolytic phenomenon, but not so 
elevated in frequency that motion artifacto become 
15 large In relatton to the respIrBtory signal. 

A thbd discovery which may be emptoyed In the 
pacemaker of the present inventton is the importance 
of matching the source Impedance of the measuring 
cirourt to the impedance of the body. Impedance 
20 matching greatly enhances the signal to noise ratio of 
the measured impedance signal. 

Summary of the Invention 

2S In accordance with one as pad of the present ir>- 
vention, there is provkied a rate-responsive pace- 
maker comprising a means for pulsing a patientTs 
heart at a controlled rate by generating stimulation 
pulses and coupling these ^ses to the heart via a 

30 unlpdar lead. This controlled rate Is automatlcaQy de- 
rived by the pacemaker, based upon a measurement 
of the patisnfs respiratory minute volume. The pace- 
maker performs this minute volume measurement 
using a spatial impedance measuring means which 

35 periodically applies a measuring current between the 
pacemaker lead and a reference point on the pace* 
maker case. The spatial impedance measuring 
means generates this measuring current using a dr* 
cuit which hokls constant either the measuring cur- 

40 renter the measuring vdtage. The measuring current 
has a majority of frequency components in a range 
from appraximatety 10 kilohertz to 1000 megahertz. 
The spatial impedance measuring means measures 
the impedance between the lead and the refarence 

45 point In response to the applicatton of the measuring 
current Spatial impedance varies as a fOncUon of the 
patient's pleural pressure which, in turn, vartes as a 
fiinctkm of minute volume. The pacemaker indudes a 
means for deriving minute volume from the spatial vth 

so pedance measurement 

In one embodiment which incorporates this as- 
pect of the present invention, the pacemaker gener- 
ates measuring current in the form of short duratkin 
pulses. Signals from different sources, both physio- 

ss togical and non-physidogical in origin, may be mutu- 
ally distinguished t>y interrogating the body with cur- 
rent pulses of various durations. Previous dincal 
tests provide t he relationships of pulse duratton to sig- 
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nals of particular origins. These relationships are en- 
coded within the pacemaker. The pacemaker may se- 
lect and control the width of these pulses to detect at 
least one particular type of physiological or non-phys- 
iologteal signal. Alternatively, the pacemaker ntay se- 
lect and control the width of these pulses to remove 
s^al components of at least one particular type of 
physiological or non-physiological signal. 

In another embodiment which incorporates this 
aspect of the present invention, the pacemaker gen- 
erates measuring current in the form of h^h firequen- 
cy continuous waves. Signals from different sources, 
both physkitogicat and non-phys»loglcal in origin, 
may be mutually distinguished by interrogating the 
body wfth current of various frequencies. PrevkMis 
clinical tests provkle the relattonships of frequency to 
signals of particular origins. These relationships are 
encoded within the pacemaker. The pacemaker may 
select and control Interrogation frequency to detect at 
least one particular type of physiological or non-phys- 
iological signal. Alternatively* the pacemaker may se- 
lect and control interrogatkin frequency to remove 
signal components of at least one particular type of 
physiological or non-physiological signal. 

In a further embodiment whteh incorporates this 
aspect of the present invention, the pacemaker gen- 
erates measuring current in the form <tf timed pulses 
of high frequency continuous waves. This embodi- 
ment of a pacemaker functions in a simlar manner to 
the contoous wave pacemaker embodiment dis- 
cussed in the preceding paragraph. 

In accordance with another aspect of the present 
invention, there is provkled a rate-responsive pace- 
maker comprising a means for pulsing a patient's 
heart at a controlled rata by generating stimulation 
pulses and couplliig these pulses to the heart via a 
unipolar lead. This controlled rate is automaticatly de- 
rived by the pacemaker, based upon a measurement 
of the patient's spatial impedance signal. The pace- 
maker performs this spatial impedance measure- 
ment using a current generating means whteh period- 
ically applies a measuring currant between the lead 
and a reference point on the pacemaker case. This 
measuring current has a majority of frequency com- 
ponents in a range from approximately 10 kHoherlz fco 
1000 megahertz. A measuring means measures the 
spatial impedance between the lead, at the location 
of Its ^terface with the pacemaker, and the reference 
point This spatial impedance results from the appO- 
catton of the measuring current by the generating 
means. Spatial impedance varies as a function of the 
patienrs pleural pressure whk:h. in turn, varies as a 
functbn of minute volume. 

Brief Description of the Drawings 

Further objects, features and advantages of the 
invention will become apparent upon conskJeration of 



the following detailed description, taken in conjunc- 
tion with the accompanying drawings, in which: 
FIG. 1 is a block diagram of an aiustrative embodi- 
ment of the invention; 

9 FIG. 2 depicts placement in a patient's right ven- 
tricle of a conventtonai unipolar lead which mey 
be used to effect minute vohime measurements, 
along with pacing and sensing; 

FIG. 3 depicts an embodiment of an impedance 

10 measurement circuit stiown in blockform In FIG. 
1, which operates in a pulsed mode, rather than 
in a continuous wave mode; 

FIG. 4 Is a graph wMch Olustrates the amplitude 
of a desM respiration signal as a (unction of the 

15 source bnpedance of an Impedance measure- 
ment circuit similar to the drci^t of FIG. 3; 
FIG. 5 Is a graph whteh characterizes the relative 
levels of different physiologteal and nonphysk)- 
logical signals which are detected by the circuit of 

20 FIG. 3 when it interrogates a patient's body with 
current pulses of various pulse wklths; 
FIG. 6 is a graph which Illustrates the level of a 
desired respiration signal shown in RG. 5 relative 
to a combinatton of non-respiration "noise" sig- 

25 nals shown in FIG. 5, as such signals are detect- 
ed by the circuft of FIG. 3 when it interrogates a 
patientfs body wth current ptdses of various 
pulse widths; 

FIG. 7 Is a graph which characterizes the relative 
30 levels of different physiological and nonphysio- 
k>gk:al signals as detected by an impedance 
measurement circuit which interrogates a pa- 
tient's body with vartous firequendee of continu- 
ous wave current or timed pulses of continuous 
35 wave current; and, 

FIG. 8 depicts droult btocks contained In a con- 
troller, shown in block form in Fia 1 , which oper- 
ate on digaad samples of the impedance meas- 
urement to derive pace commands that are sent 
40 to a pulse generator, also stiown in block fbrm In 
FIG. 1. 

Detailed Descriptton 

45 The drawing of FIG. 1 is a high-level block sche- 
matic of a pacemaker, shown generaOy at 5. All pace- 
maker logic is under the control of a controller 28 
(wt^ch n^y include a microprocessor, although dis- 
crete blocks are shown In RG. 8). The controller op- 
so erates various switches in the pacemaker, of which 
only one pabr SW1a. SWIb is shown. Switch SW1B 
is dosed whenever the pacemaker is to pace or 
sense. 

Referring to FIGS. 1 and 2, together, in order to 
55 pace, the oontroller 28 sends a command to a pulse 
generator 1 8 by means of a signal on a PACE conduc- 
tor 28. The pulse generator 18 responds to this com- 
mand by applying a current pulse through the switch 



so 
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SWIb and a conventional unipolar lead 11 to the tat- 
ter's tip eiectrodB 10. vvhich is shown positioned in the 
right ventricle 12 of a patient's heart 7 In FIG. 2. A 
sense ampimer 16 senses a cardiac signal on the 
electrode. (Various functions wall known In the art. 5 
such as blanking of the sense amplifier during pacing, 
are not shown Inasmuch as they have no biding on 
the subject invantton.) The sensing of a heartbeat, 
spontaneous or evoked, results In a pulse appearing 
on LOAD conductor 24 and being delhmd to controJ- io 
ler 28. (The load" function initiates the loading of an 
initial value in timer 62 of FIG. 6. as vidll be described 
hereir^ter.) 

The pacemaker makes an impedance iraasure- 
trteni when the controller 28 pulses the conductor 20 15 
to activate Impedance measur^ent block 14. Upon 
this event, switch SWIa doses and switch SW2a 
opens and impedance measurement block 14 applies 
a current to the lead 11. causing current to flow 
through the lead toward the tip electrode 10. The 20 
measuring current which is applied to the electrode 
has frequency characteristics in the range from about 
10 kHz to about 1000 MHz. At these measuring cur- 
rent fi-equencies, the lead acts as an antenna which 
creates a displacement current in the body. This dis- 
placement current is fundamentally different from the 
conductton current which is generated by prior art im- 
pedance measuring pacemakers such as the *253 
and 725 pacemakers. The impedance measuring 
btock 14 may generate this measuring current in the so 
fiorm of continuous wave current, short-duiafion puls- 
es of current, or timed pulses of continuous wave cur- 
rent The impedance measurement block 14 meas- 
ures spatial impedance by determining the potential 
between the pacemaker case 30 and the pacemaker 38 
input connection to the conductor (not shown) within 
lead 11. This conductor extends to the t^ electrode 
10. In this configuration, the pacemaker case 30 
serves as a reference potential for the pacemaker cir- 
cuib^. In t he preferred embodlnrwnt of the pacemak- 40 
er. the impedance measurement block 14 derives 
samples at a rate of about 20 per second and commu- 
nicates these samples to controller 28 over conductor 
22. The impedance measurement can t>e executed as 
described in the aforementioned *253 patent 45 

Placement of the unipolar lead is shown in FIG. 
2. The tip electrode 10 makes contact with the wall of 
the right ventricle 12 or the right atrium 13 of the pa- 
tienrs heart 7. When the impedance measurenrtent 
btock generates measuring currents at appropriate so 
frequencies, as wiO be described hereinafter, the inv 
pedance measurement reflects minute volume to a 
much greater extent than stroke volume or motk>n ar- 
tifacts. In addition, the impedance nneasurement re- 
flects minute volume nnore than signals originating 55 
firom other phystotogical and non-phystotogical sourc- 
es because of the characteristics of a fUter 23 (RO. 
3) which Is part of the impedance nteasurement cir- 



cuit (see, also, FIG. 1 of the '253 patent). In the pre- 
ferred emtx)din)ent of the invention, the impedance 
signal is f Btered by a two-pole filter with a center fre- 
quency of 0.2 Hz. The gain is reduced by a fiactor of 
two (6 dB) at frequencies of O.OSite and as Hz. 

Referring to FIG. 3, an embodiment of the impe- 
dance measurement circuit 14 which operates in a 
pulsed mode is shown. The impedance measurement 
circuit 14 includes a oonnectton through a switch SW4 
with the case 30, and a connectkm through a switch 
SW3 wtth the tip electrode 10 (via the pacing lead 11 ). 
The tip electrode 10 is a conventional padr^feensing 
electrode. The indifferent electrode is the case 30. 
The impedance measurement dicuit 14 employs the 
tip electrode lOand lead 11 both forapp^'ng a source 
measuring current to the patienfs iMdy. and for 
measuring the respiratory impedance between the 
tip electrode 10. lead 11 and the case 30. AbuffiBr32 
and filter 23 are also employed In circuit 14. 

All switches In FIG. 3 are dlrecOy or indirectly un- 
der the control of controller 28. One output 33 of the 
controller is shown extending to switch SW2, but it is 
to be understood that the switches SW3. SW4, SW5 
and SW6 are similarly controlled. The controller 
doses swttch SW6 to charge a measuring capadlor 
C2 to a regulated voltage source Way Subsequently, 
the contrdler opens switch SW6 and doses switches 
SW3 and SW4 for a predetermined measuring inter- 
val AT. whUe switch SW5 is held open, thereby con- 
necting measuring capacitor C2 to lead 11 through a 
coupling capadtor C3. While the switches SVV3 and 
SW4 are dosed, measuring capadtor C2 dtecharges 
through capacitor C3 into the lead 11, thereby de- 
creasing the vdtage across measuring capadtor C2. 
The amount by which the voltage across measuring 
capacftor C2 diminishes depends on the impedance 
of the lead-tip oomblnatton and the Impedance of the 
surrounding tissue. The impedance of the lead-tip 
combination is known and the impedance of the sur- 
rounding tissue is the object of the measurement 
Measuring capacitor 02 stores the voltage viAitoh buf- 
fer 32 later transfsrs to themeasuring drcuH. After the 
predetermined measuring time interval AT, the con- 
troller 28 opens switohes SVtf3 and SW4. allowing the 
buffer 32 to access the vdtage held on the measuring 
capacttQr C2. This vdtage Is advanced through the 
buffer amplifier 32 and switch SW2 (which the oon- 
troner 28 doses at the time It opens swtehes SW3 
and SW4). and Is sampled on capacitor CI at the in- 
put of the filter 23. Then for the next measuring cyde. 
the contrdler 28 opens swSch SW2 and closes switch 
SW6 to charge measuring capacitor C2 for the next 
measurement In the preferred embodffnent of the in- 
vention, the controller 28 measures impedance twen- 
ty times per second. For each measurement the con- 
trdler doses the switches SW3 and SW4 for a pulse 
duration of 250 ns. during which the vdtage across 
the capadtor C2 is placed on the lead 11. The resis- 
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tors and capacitors associated with filter 23 pass fre- 
quencies between about 0.05 Hz and 0.8 Hz, the 
standard range for resiriratory measurements. 

The value of the measuring capacitor C2 is se- 
tected to store the ra nge of voltages which result from 
various body impedances. In one embodiment of the 
invention, C2 has a capacttanoe of 4.7 nF. 

Hie coupling capaicltor C3 provides for DC isola- 
tion for the input to the measuring cteuit In one em- 
bodiment of the invention, a coupling capacitor C3 
has a value of about 7.5^. which effectively eltmin- 
ates the influence of the DC voltage on measurement 
results. 

Ttie analog signal output of the f Qtar 23 passes 
to a delta modulator 25 which provides a digilal signal 
output on conductor 22. The digital signal output on 
conductor 22 is input to the controller 28 for process- 
ing, as is hereinafter described in connection with a 
dlscussbn of FIG. 6. Converting an analog signal to 
a digital representation by delta nr)odulatlon Is a stan- 
dard technique. One example of such an operation is 
Illustrated in United States Patent Na 4,692,719 to 
Robert H. Whighan), entitled 'Combined Pacentaker 
Delta Modulator and Bandpass FOter*, which issued 
on Septa^^ber 8, 1987. The output of the delta mod- 
ulator 25 is a summation of a series of Cs and 1*s 
which reflect whether the analog signal is decreasing 
or increasing. 

During a measurement intarval, controller 28 
opens switch SWIb (shown In n& 1) to briefly die- 
able pace and sense functions. Although sensing is 
disabled whae the impedance measurement is in op- 
eration, the duration of the measurement Is on the or- 
der of firactions of microseconds, a time so short rel- 
ative to that of heart signals that disabling sensing 
during this time is of no importance. 

FIG. 4 is a graph which illustrates the voltage am- 
plitude V(C2). in volts, of a respiration signal as afunc- 
tion of the source capacitance (the measuring capac- 
itance 02), In nano-farads. of the Impedance meas- 
uring circuit of FIG. 3. In particular, FIG. 4 shows, for 
a given capacitor 02 discharge time (a pulse width of 
250 ns). the relationship between the change in vol- 
tage on the measuring capacitor 02 wfth respect to 
the load impedance and the change In load Impe- 
dance due to respiration. The purpose of FIG. 4 Is to 
stiow the importance of matching components of the 
source impedance of an impedance measuring circuit 
to the load impedance of the body. FIG. 3 depicts a 
capacttfve discharge circuit which operates best with 
no impedance between the measuring capactor 02 
and the lead 11. Unfortunately, in an implantable pa- 
cemaker, a coupling capacitor 03 Is generally per- 
ceived to be a requirement to assure safety of the pa- 
tient Therefore, the vahie of the measuring capacitor 
C2 is selected to best match the source impedance, 
which Includes the measuring capacitor C2. with the 
load Impedance, which includes the impedance of the 



coupling capacitor 03 and the impedance of the lead 
11. in con^inatton with the impedance of the body. 
The impedance measurement from the FIG. 3 capao- 
(tive discharge circuit is derived from a direct meas- 

5 urement of voltage across measuring capacitor C2 as 
a function of load resistance, the measuring capaci- 
tance end the initial voltage across the capacitor. For 
this capadtive discharge circuit, there exists a prefer- 
red measuring capacitanoe for a given measuring 

10 pidse width (for example, 250 ns) and toad impe- 
dance whteh wiQ produce a rrnximum signal vdtage 
V(C2). If the capacitance of the measuring capacitor 
C2 is very small in comparison to the load bnpedance 
of the body, the amplitude of the respiration signal is 

IS very small, leading to a modest signal to noise ratio 
and difficulty In appropriately controlling peeing rate. 
In contrast, RG. 4 shows that values of capacitance 
of the measuring capacftor 02 which are large with re- 
spect to load Impedance do not greatly diminish the 

20 respiratory Impedance signal. Therefore, the capaci- 
tance of measuring capacitor 02 of an impedance 
measuring drcuit should be equal to or largerthan the 
capacitance which produces a maximum expected 
respiration signal. 

29 The graph of FIG. 5 characterizes the relative lev- 
els of different physlofogical and non-physidoglcal 
s^nals which are detected by the circuft of FIG. 3 
when It interrogates a patient's body with current 
pulses of different widths. It OhistratBS an Important 

30 advantage of the pacemaker 5 of the present brven- 
tion. The pacemaker can "tune* the impedanoe sen- 
sor to measure a particular type of signal and reject 
unwanted signals and other noise by selecting a par- 
tkailar measuring current pulse width. At very short 

35 pulse widths (e.g., 60 to 200 nanoseconds) motton ar- 
tifoct signals have the largest ampStude. as shown by 
"motion" curve 35. The amplSude of physiological sig- 
nals arising finom the heartsteadPy rises with hcreas- 
ing pulse width duration, as shown by 'cardiac'' curve 

40 36. The amplitude of respiratory signals abruptly rises 
with increasing pulse duratbn to pulse widths of 
about 250 ns, then decreases for larger pulse width 
durations, as shown by 'respirator/ curve 37. The 
minute ventilatk>n-controIled metabolic demand pa- 

45 comaker of the present inventcn seeks a preferred 
pulse width of about 250 ns. which provides the best 
respiratory signal to noise ratio, as is Slustrated at 38 
in FIG. 6, which figure comprises a graph that Qlus- 
trates the level of a desired respkatory signal of FIG. 

50 5 relative to a combination of non-respiratkm 'noise" 
signals of that figure. A pulse width of this duration 
(250 ns) lessens the influence of cardiac signal 
"noise', avoids interface electrolytic phenomerion, 
but still reduces the influence of motk>n artifacts. 

55 RGS. 5 and 6 exempHfy how different pulse 
widths provide for differentlaflon of s^nals arising 
from various physiological and non-physk>logkal ori- 
gins. Simaarly. RG. 7 illustrates this phenomenon In 
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a sensing system which employs continuous wave 
current modulation rather than current pulses. Short- 
er pulse widths in a pulsed system have a sBnilar af- 
fect upon signal sensing as higher frequencies in a 
continuous wave system. In general, the pacemaker 
5 provides the best respiration signal sensing, in oom> 
parison with cardiac and motton noise, when the 
measuring current freguency is about 2 MHz. At high- 
erlrequendes. motion artifacts are large and at lower 
frequencies, cardiac signals obscure the respiration 
signal. 

The graph of FIG. 7 illustrates the signal ampli- 
tude arising from various physiological and non-phys- 
lological sources as a function of measuring current 
continuous wave frequency. "Motion* curve 35a rep- 
resents the amplitude of motion artifact s^nals; "car- 
diac" curve 3ea represents the amplitude of physio- 
logical signals arising from the heart and. "respira- 
tion'ourve 37a represents the amplitude of respirato- 
ry signals. The pacemaker may deliver these contin- 
uous wave measuring ctir rents In the form of contin- 
uous waves or in the form of timed pulses of contin- 
uous waves. The nrteasurements resulting from both 
methods are practically the same. To provide timed 
pulses of continuous wave measuring current, the pa- 
cemaker deactivates the continuous wave current to 
conserve energy, allow sensing of Intreeardlac elec- 
trograms or provide for generation of pacing pitfses. 
The duration of timed pulses of continuous wave cur- 
rent may range fromone^de or the continuous wave 
frequency to essentially an infmitB duration. 

The Impedance measurement block 14 of Fia 1 
derlvesd^itsri spatial Impedance samples, in tbeform 
of 8-bH data bytes having values ranging from -128 to 
1-127, at a rate of 20 per second and communicates 
these samples to the controller 28 by means of con- 
ductor 22. Negative digital signals carried by the con- 
ductor 22 indicate that the analog respiration signal Is 
decreasing, while positive d^ital signals signify an In- 
creasing signal Referring now to FIG. 8. wherein the 
circu it blocks of controller 28 are shown in greater de- 
tail, the manner In which minute volume Is derived 
from the digital samples provided by impedance block 
14 vnlt now be considered. An absolute magnitude ex- 
tractor 40 derives the absolute magnitude of each dig- 
ital sample (i.e., negatively signed samples are 
changed to positive samples of the same amplSude). 
The average value of the digital samples Is zero be- 
cause the fBter 23 (RG. 3) in the impedance meas- 
urement bk>ck 14 has a gain of zero for a DC input 
By eliminating the sign from alt samples, an averager 
42 derives a running average of the absolute magni- 
tudes of the samples. The time constant of the aver- 
ager is short {e.g.. about 25 seconds) so that the dig- 
ital value at its output represents the average respr- 
atory tidal volume over a few breaths. The absolute 
magnitude value of each sample represents the res- 
piratory impedance signal. Therefore, the controller 



28 adds and averages a sequence of these at>sohjte 
magnitude sample values to provide a nrteasure of the 
respiratory tidal volume. 

A s^n extractor 44 monitors only the signs, and 

5 not the magnitudes, of the digital samples on conduc- 
tor 22 to provtda fbr zero crossing detection. The sign 
extractor 44 delivers successive bits, each of which 
reprasents the sign of a digital sample, to a zero 
crossing detector 46. The zero crossing detector 46 

10 monitore raspiratton rate by ascertaining the timing of 
changes in the polarity of the Impedance measure- 
ment signal. Generally, a zero crossing occura when- 
ever the s^n of a digital sample differa from the sign 
of the immediately preceding digltsd sample. How- 

15 ever, there are phy^oglcal limits to respiration rate 
and, therefore, to the frequency of zero crossings. 
Zero crossings occurring at a rate higher than a pre- 
determined physiological limit must Indicate the pres- 
ence of a noisy respiration signal. Thus, the zero 

20 crossing detector analyzes the signs of a number (for 
example 10) of the most recently acquired samples 
and determines whether a defined preponderance of 
samples (for example 7 of 10) have a particular sign. 
If so. and if the last zero crossing operation which 

25 found a preponderance of a particular sign deter- 
mined that the majority had an opposite sign, t he zero 
crossing detector 46 presumes the occurrence a 
zero ccrssing. When the sign changes, the zero 
crossing detector 46 triggere a sampler 48 to read the 

30 average value represented by the current value pre- 
sented by the averager 42. The sampler 42 delivers 
this average value to both a short-term averager 50 
and a long-term averager 52. In the preferred em- 
bodiment of the invention, the short-term averager 50 

3S has a time constant of slightiy less than a minute and 
the kmg-term averager 52 has a time constant of 
about one hour. 

The zero crossing detector 46 pulses Its output 
twice, and the sampler 48 samplas twice, during each 

40 breath, when the Impedance signal crosses zero dui^ 
ing exhalation and during inhalation. The zero crossp 
ing detector 46 employs the previously described 
"^jority vote" technkiue to sense a zero crossing, in 
which the detector assumes an occurrence of a zero 

45 crossing when a predetermined proportion of the 
most recent samples have a s^n opposite to that of 
the sign determined after the last zero crossing. In 
the preferred embodiment of the invention, at least 
70% of the most recent samples in the last 0.5 second 

50 must have a sign opposite to that of the sign deter- 
mined after the last zero crossing. 

Each average value sample at the output of aver- 
ager 42 represents the tidal vohime. the average of 
the last few integrals of the respiratory bnpedance 

55 s^nal. The short-term averager 50 and the long-term 
averager 52 derive values which are dependent not 
only on the magn&udes of t he samples, but also i^on 
the rate of the oscillating respiratory signal, as detar- 
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mined by the zero crossing detector 46. Because the 
long-term and short-term averagers update and ac- 
cumulate samples at each zero crossing event, the 
long-term and short-term minute volume values re- 
flect the rate of breathing as well as the depth of 
breathing. 

As shown in FIG. 8, a sumnner 54 derives AMV. 
the difference between the short-term averaged and 
long-term averaged minute vohinrw signala AMV is 
the control signal which drives the pacing rate. As the 
short-term average increases relative to the long- 
term average, representing an increasing n^etabotic 
demand, the pacing rate increases. Conversely, 
when AMV decreases, the pacing rate decreases. 

The AMV value at any instant is the input to a llm- 
Iter 56. which compares AMV to AMVl\4AX, a prede- 
termined value which serves as the maximum AMV 
value aPowed to control the pacing rate. The iimiter 56 
applies the current value of AMV. or aMVMAX if it is 
smaller than AMV. to the minus input of a summer 58. 
The summer 56 compares the output of Iimiter 56 to 
maximum iittervd. a quantUy applied at the phis input 
of suntmer 58 which represents an offset correspond- 
ing to a physidan^letermined Rdrnmim pacing rate. 
Summer 58 continuously presents Its output, a differ- 
ence value, to the input of timer 62. which loads the 
diffeience value upon the occurrence ctf either of two 
events, a load signal upon conductor 24 or the count- 
down to zero of timer 62. The sense amplifier 16 of 
FIG. 1 controls the conductor 24 load signal. 

A dock 64 applies pulses to a divider 66, which 
divides the clock pulses by a quantity referred to as 
a prescaler. In this manner the pulses, which actupon 
the decrement input of timer 62. occur at a rate slower 
than the dock rata. The count in timer 62 decrements 
whenever a puise appears at the output of divider 66. 
When the dmer 62 decrontents to zero, ft produces a 
pulse upon PACE conductor 26 to trigger activity of 
the pulse generator 18 in FIG. 1. Ifthe sense amplifier 
16 of FIG. 1 senses a natural heartbeat before the 
timer 62 decrements to zero, the timer will not pro- 
duce a pulse on PACE conductor 26. In either case, 
the timer 62 loads the difference value from summer 
58 to initialize the escape interval of the pacemaker. 
The escape interval is the time between a paced or 
sensed cardiac event and the subsequent padng 
stimulus. 

In this manner, the pacemaker operates In a stan- 
dard Wl nwde except that the minute volume meas- 
urement determines the padng rate. As the quanUty 
AMV increases, the summer 58 derives a smaller dif- 
ference value CVnaximum interval* minus AMV) that 
it presents to timer 62. This, In turn, means that the 
padng rate increases, as is required for a larger AMV. 
When AMV is zero, the summer 58 presents the max- 
imum interval value to the timer 62. which results In 
the minimum padng rate, precisely what is required 
when there is no metabolic demand beyond that pro- 



vided by the minimum pacing rate. The quantity "Max- 
imum interval* is simply the interval which corre- 
sponds to the minimum rate. 

Conventkmal pacemakers indude telemetry sys- 

5 terns, as represented by block 68 of FIG. 8, which al- 
low a physician to program parameteis' such as mini- 
mum rate, as wall as the prescaler vahie, AMVMAX 
and the reference threshold whfch is applied to conv 
parator 60 and will be descrftied below. The method 

10 of derivation of these programmable parameters is 
disdosed in the description of the '725 pacemaker. 

Again referring to Fia 8, the output of summer 54 
is input, not only to the Iimiter 56, but also to the plus 
input of a comparator60. Thetelemetrically-progranv 

15 med reference threshoid feeds the minus input of the 
comparator. Whenever AMV exceeds the reference 
threshold, the output of the comparator goes high and 
Inhibits the long-term averager 5Z In effect, a large 
value of AMV represents a metabdic demand which 

20 Is assodated with an exercismg patient Until the pa- 
tient stops exercising, the long-term average does 
not increase. If it were allowed to increase, after an 
hour or more the long-term everage wouU approach 
the value of the short-term average, AMV would di- 

25 mintsh and the pacing rate woukl drop tirom its Original 
high value. Once the patient begins exercising and 
the pacing rate Increases, it is not desirable that the 
rate.decrease sfanpty due to the elapse of time. For 
this reason, the pacemaker fixes the long-term aver- 
so age. When the patient stops exercising and the short- 
term average decreases. AMV win fatt below the ref- 
erence threshold and the tong4Brm average wiU 
again track the short-term average in the usual man- 
ner. In the ahistraiive embodiment of the inventton, 

35 the reference threshoM is equal to one-hatf of ttie 
AMVMAX, unless the physteian programs the value 
differently. This technique aflows long-term adapta- 
tion to a basal minute volume measurement level 
while stQI allowing extended periods of exerdse. 

40 From the foregoing discusston. it Is apparent that 
the present invention provides rate-responsh/e pac- 
ing based on measurements of respiratory minute 
vdume which are sensed from a standard unipolar 
pacing lead. The invention accomplishes substantial 

45 improvenrents in respiration signal fidelity by reduc- 
ing signals arising from electrical activity of the heart, 
motion artifacts and noise arising from the electrode- 
electrolyte interf^. 

Although the inventkm has been described with 

50 reference to a partknjlar embodiment, it is to be un- 
derstood that this embodiment is merely illustrative of 
the application of the prindples of the invention. Nu- 
merous modifications may be made therein and other 
arrangements may be devised without departing 

88 ftm the spirit and scope of the inventton. 
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Claims 

1. A rate-responsive pacemaker comprising: 

pulsing means for provtding pacing current 
pulses at a controned rate; 

a unipolar lead coupled to said pulsing 
means and having an electmde adapted to cou- 
ple said pulsing means to a patient* s heart f6r de- 
livering said pacing current pulses to said heart; 

means for periodically applying a measur- 
ing current between said lead and a reference 
point in said pacemaker, said measuring current 
having frequency components in a range extend- 
ing from approximately 10 Idtohertz to approxi- 
mately 1000 megahertz; 

means operative during the appllcaiion of 
said measuring current between said lead and 
said reference point for measuring the spatial inv 
pedance between said lead and said reference 
point as a function of the patfenfs pleural pres- 
sure; 

means responsive to said measuring 
means for determining the patient's minute vol- 
ume; and 

means coupled to said puling means for 
changing said controlled rate In aooordanoe with 
the patient's minute volume. 

2. A rate-responsive pacemaker according to daim 
1. wherein said means for applying a measuring 
current includes drcuttry for generating a con- 
stant measuring current 

3. A rate-responsive pacemaker according to daim 
1, wherein said nrteans for applying a measuring 
current indudes circuitry for generating a meas- 
uring current at a constant voltage. 

4. A rate-responsfve pacerr^aker according to daim 
1, wherein said means for measuring the spatial 
impedance has a source impedance which is ap- 
proximately equal to or greater than the load irrv 
pedance of the patienf s body. 

5. A rate-responsive pacenrtaker according to daim 
4« wherein said means for measuring the spatial 
impedance has a source impedance in the range 
from about 200 ohms to about 600 ohms. 

6. A rate-responsive pacemaker according to daim 
1. wherein said means for measuring the spatial 
impedance Is a capacitive discharge circuit, and 
wherein such circuit includes a capacilanoe 
wtiich has been selected to provide a maximum 
measured voltage for a predetermined pulse 
wMth and load Impedance. 

7. A rate-responsive pacemaker comprising: 



pulsing means for provit&ig padng pulses 
at a controlled rate; 

a unipolar lead coupled to said pulsing 
means and having an electrode adapted to oou- 
5 pie eakJ pulsing means to a patienfa heart; 

means for periodically introducbig a meas- 
uring current between said lead and a reference 
point and measuring the voltage across eald lead 
and said reference point to derive a spatial knp». 
10 dance signal; and 

means coupled to said pulsing means for 
adjustlr^ said controlled rata as a function of saU 
spatial impedance signal. 

IS 8. A rate-rssponsive pacemaker according to daim 
7. wherein said electrode is adapted to ba posi- 
tioned on the heart wall. 

9. A rate-responsive pacemaker according to dalms 
20 1 and 7, wherein sakl measuring current is in the 

form of short-duration current pulses. 

10. A rate-responsive pacemaker according to daim 
9, wherein said current pulses have pulse dura- 

25 tions ranging from about 5 nanoseconds to about 
5 microseconds. 

11. A rate-responsive pacemaker according to daim 
9. wherein said current pulses have pulse dura- 

30 tkms which are selected to distinguish and en- 
hance stanals arising ftam at least one particular 
oftfn. 

12. Arate-responsiva pacemdtar according to daim 
35 9, wherein said currem pulses have pulse dura- 

tkms which are selected to attenuate signals aris- 
ing from at least one particular origin. 

13. A rate-responsive pacemaker according to daim 
40 12, wherein, at first predetermined tlmes^ said 

measuring current applying means generates 
current pulses having pulse durations wMch are 
shorter than 50 nanoseconds to attenuate sig- 
nals other than those arising from motfon and 

45 wherein, at second predetermined times, said 
measuring currant applying means generates 
current pulses having pulse durations which are 
longer than 1000 nanoseconds to attenuate sig- 
nals other than those arising flnom cardiac eteo- 

50 trical signals. 

14 A rate-responsive pacenutor according to daim 
7, wherein saW measuring current is in the form 
of continuous waves. 

$6 

15. A rate-responsive pacemaker according to daim 
14, wherein sakl continuous wave current has 
frequency components ranging firom about 10 
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kaohertz to about 1000 megahertz. . 

10. A rate-responsivB pacemaker according to daim 
15, wherein said continuous wave current has 
frequency components which are selected to dis- 
tinguish and enhance signals arising from at least 
one particular origin. 

17. A rate-responsive pacemaker according to either 
of claims 14. 15, wherein said continuous wave 
current tias fr^ency components which are se- 
lected to attenuate signals arising from at least 
one partiGutar origin. 

1& A late-responsive pacemaker according to daim 
7. wherein said measuring current is in the form 
of timed pulses of continuous waves. 

19. A rate-responsive pacemaker according to daim 

1 8. wherein said timed pulses of continuous wave 
current have frequency components ranging from 
about 10 kilohertz to about 1000 megahertz. 

20. A rata-responsive pacemaker according to daim 

19. wherein said timed pulses of continuous wave 
current have frequency components which are 
selected to distinguish and enhance signals aris^ 
Ing from at least one partfcular origin. 

21. A rate-responsrve pacemaker according to either 
of daims 18, 19, wherein said timed pulses of 
continuous wave current have frequency compo- 
nents vtfhich are selected to attenuate signals 
arising from at least one particular origin. 

22. A rate-responsive pacemaker according to daim 
12. wherein said current pulses have pulse dura- 
tions which are longer than SO nanoseconds to at- 
tenuate signals arising from motton, and wherein 
said current pirises have pulse durations which 
are shorter than 1 000 nanoseconds to attenuate 
signals arising from cardiac electrical signals. 

23. A mte-responsfve pacemaker according to daim 
17. wherein, at first predetermined times, saki 
measuring current applying means generates a 
continuous wave current having frequency com- 
ponents which are greater than 20 megahertz to 
attenuate signals other than those arteing from 
nrKitlon and wherein, at second predetermined 
times, said measuring current applying means 
generates a continuous wave current having fre- 
quency components which are less than 2 meg- 
ahertz to attenuate signals other than those aris- 
ing from cardiac electrical signals. 

24. A rate-responsfve pacemaker according to daim 
21, wherein, at first predetermined times, sakl 



measuring current applying means generates 
timed pulses of continuous wave current having 
frequency components whteh are greater than 20 
megahertz to attenuate signals other than those 

5 arising from motion and wherein, at second pre- 
determined times, said measuring current apply- 
ing means generates timed pulses of continuous 
wave current having frequency components 
which are less than 2 megahertz to attenuate s^ 

10 nals other than those arising from cardiac eleo- 
trical signals. 

25^ A method for pacing a patlenfs heart at a control- 
led pacing rate in accordance with the patient* a 
15 respiratkm minute volume signal, comprteing the 
steps of: 

providing an implantable pacemaker and a 
unipolar lead having an electrode far generating 
and coupling padng stimulation pulses to the pa- 

20 tienfs heart; 

periodically applying a measuring current 
between saM lead and a reference point in saki 
pacemaker, said measuring current have fre- 
quency components in a range of firom approxi- 

25 mately 10 kilohertz to approximately 1000 meg- 
ahertz; 

measuring the spatial Impedance be- 
tween said lead and said reference point in re- 
sponse to said application of measuring current 
30 between the lead and the reference point whBe 
the spatial ffnpedartce varies as a function of the 
patient's pleural pressure; 

determining the patienfs respiratory rrun- 
ute volume based on said spatial impedance 
55 measurement; and 

changing the controlled pacing rate in ac- 
cordance with the patient's determined minute 
volume. 

40 26. A method in accordance wfth daim 25, wherein 
sakJ measuring curent applying stop indudes 
the sub-stop of applying a constant measuring 
current 

4S 27. A nwthod in accordance with daim 25. wherein 
sakl measuring current applying step indudes 
the sub-step of applying a measuring current at 
a constant voltage. 

50 28. A method In accordance with clidm 25, wherein 
said measuring current applying step Indudes 
the sut>-step of applying the nteasuring current In 
the ibrm of short-duration current pulses. 

5S 29. A method In accordance with daim 25. wherein 
said measuring current applying step indudes 
the sub-step of applying the measuring current In 
the form of short-duratnn current pulses having 
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putse durations in the range of from 5 nanosec- 
onds to 5 microseconds. 

SO. A method In accordance with daim 25. wherein 
said measufing current applying step includes 5 
the sub-step of applying the measuring current in 
the fbrm of continuous waves. 

31. A method in accordance with daim 25, wherein 
said measuring current applying step indudes io 
the suthstep of applying the measuring current In 
the form of continuous waves having a frequency 
in the range of from 10 kiloherlz to 1000 mega- 
hertz. 



12 



EP0555d88A2 



FIG.1 



SWIa 



SWIb 



30 



14 



TO SWITCHES SW1-SW6 
20. f » * » f 



IMPEDANCE 
MEASUREMENT 



16 



SENSE 
AMPLIFIER 



T 

22 
LOAD 

!1 



18 



X 



PACE 
26. 



LJ PULSE 
GENERATOR 



28 

y 



CONTROLLER 



HQ. 2 




13 



EP0555988A2 




14 



EP0$S5e88A2 



FIG. 4 



0.025 
0.02 
0.015 

V(C2) 

in volts 0.01 
0.005 
0 




0.5 1 1.5 2 

C2, In nanotarads ^nF) 



FIG. 5 



signal 400 
Level 

300 



o Respiration 
• Cardiac 
V Motion 




0 50 100 150 200 250 300 350 400 450 500 
Pulse Width in nanoseconds 

IS 



EP 0 555 988 A2 



FIG. 6 



Signal 
to Noise 
Ratio 



FIG. 7 



Signal 
Level 
InmV 




250 500 750 

Pulse Width In nanoseconds 



O Respiration 
•Cardiac 
V Motion 



1000 




10 5 
Frequency In MHz 

16 



EP0 555988 A2 




